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ABSTRACT
Recent reanalyses of the atomic physics effects on the weak charge in ce-
sium have led to a value in much closer agreement with predictions of the
Standard Model. We review precision electroweak tests, their implications
for upper bounds on the mass of the Higgs boson, possible ways in which
these bounds may be circumvented, and the requirements placed upon
accuracy of future atomic parity violation experiments by these consider-
ations.
PACS Categories: 11.30.Er, 12.15.Ji, 12.15.Mm, 12.60.Cn
The successful unification of the weak and electromagnetic interactions [1] has
been tested to the level of radiative corrections affected by the mass of the Higgs boson
[2]. However, Peskin and Wells [3] have noted several contexts in which assumptions
about electroweak symmetry breaking can be relaxed, leading to looser bounds on
the Higgs boson mass. As one example, a small vacuum expectation value of a Higgs
triplet [4] can permit a Higgs boson mass in excess of 1 TeV. Specific models (e.g.,
[3, 5]) with this property have been constructed. Other related discussions may be
found in [6, 7, 8].
Among the electroweak observables that play a role in precise tests of the radiative
corrections in the theory, atomic parity violation plays a special role. Many types of
new physics affect what are known as “oblique corrections,” through vacuum polar-
ization of the photon, Z, and W bosons. These effects have been described by Peskin
and Takeuchi [9] in terms of two parameters S and T , upon which various observables
depend linearly, with S = T = 0 corresponding to “no new physics,” given nominal
values of the top quark and Higgs boson masses. The weak charge QW measured in
parity-violation experiments in such atoms as cesium [10, 11], bismuth [12], lead [13],
and thallium [14, 15] is mainly sensitive to the variable S, with very small dependence
on T [16, 17, 18]. Thus, atomic parity violation experiments can shed unique light
on certain types of new physics which contribute to the parameter S [19, 20, 21].
Atomic physics calculations have been carried out for such systems as cesium [22]
and thallium [23]. In 1999 the JILA-Boulder group reported measurements in cesium
[11] that reduced uncertainties in previous calculations. This led to a resulting weak
charge, QW (Cs) = −72.06± 0.28expt ± 0.34theor = −72.06± 0.46 which represented a
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considerable improvement with respect to previous values in this and other atoms. It
was also more than two standard deviations away from the Standard Model prediction
[16, 24] QW (Cs) = −73.19 ± 0.13, leading to speculations [21, 25, 26] about possible
sources of the discrepancy such as Z ′ bosons [27, 28] in extended gauge theories. No
such bosons have been seen up to masses of about 600 GeV/c2 [29].
Several recent contributions [30, 31, 32, 33] have re-evaluated atomic physics cor-
rections in cesium, paying particular attention to the Breit interaction [34]. Our
working average for these determinations will be QW (Cs) = −72.2 ± 0.8. In the
present paper we review the main electroweak observables affecting the mass of the
Higgs boson, some possible ways in which upper bounds on this mass may be cir-
cumvented, and requirements placed upon accuracy of future atomic parity violation
experiments by these considerations.
We begin with a brief review of the formalism of [9]. Electroweak radiative correc-
tions may be divided into “oblique” and “direct” contributions. Oblique corrections
(sensitive to all forms of new physics) enter through gauge boson vacuum polarization
terms, and direct corrections include all other terms such as vertex and self-energy
modifications. At lowest order, the W mass MW , the Z mass MZ , the electroweak
couplings g and g′, the electric charge e, the weak mixing angle θ, the Higgs doublet
vacuum expectation value v, and the Fermi coupling constant GF = 1.16637(1)×10−5
GeV−2 are related by
e = g sin θ = g′ cos θ ,
GF√
2
=
g2
8M2W
=
g2 + g′2
8M2Z
=
1
2v2
(1)
under the assumption that the only contribution to electroweak symmetry breaking
comes from one or more Higgs doublets with vacuum expectation values vi satisfying∑
i v
2
i = v
2. With α ≡ e2/4pi one then has
MW =
(piα/
√
2GF )
1/2
sin θ
, MZ =MW/ cos θ . (2)
Photon vacuum polarization effects change α−1 from its value of ∼ 137.036 at q2 = 0
to 128.933± 0.021 at q2 =M2Z [35]. This important oblique correction is sensitive to
all charged particles with masses less than O(MZ/2).
The next-most-important oblique correction arises from the large splitting between
the top and bottom quark masses [36], violating a custodial SU(2) symmetry [37]
responsible for preserving the tree-level relationMW =MZ cos θ. As a result, an effect
is generated equivalent to a Higgs triplet vacuum expectation value. The vacuum
polarization diagrams with W+ → tb¯ → W+ and Z → (tt¯, bb¯) → Z lead to a
modification of the relation between GF , coupling constants, and MZ for neutral-
current exchanges:
GF√
2
=
g2 + g′2
8M2Z
→ GF√
2
ρ =
g2 + g′2
8M2Z
, ρ ≃ 1 + 3GFm
2
t
8pi2
√
2
. (3)
The Z mass is now related to the weak mixing angle by
M2Z =
piα√
2GFρ sin
2 θ cos2 θ
, (4)
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where we have omitted some small terms logarithmic in mt. A precise measure-
ment of MZ now specifies θ only if mt is known, so θ = θ(mt) and hence M
2
W =
piα/(
√
2GF sin
2 θ) is also a function of mt.
To display dependence of electroweak observables on such quantities as the top
quark and Higgs boson masses mt andMH , we expand the observables about nominal
values [2] calculated for specific mt and MH . We thereby isolate the dependence on
mt, MH , and new physics arising from oblique corrections associated with loops in
the W and Z propagators. For mt = 174.3 GeV,MH = 100 GeV, the measured value
of MZ leads to a nominal expected value of sin
2 θeff = 0.23140. In what follows we
shall interpret the effective value of sin2 θ as that measured via leptonic vector and
axial-vector couplings: sin2 θeff ≡ (1/4)(1− [gℓV /gℓA]).
Defining the parameter T by ∆ρ ≡ αT , we find
T ≃ 3
16pi sin2 θ
[
m2t − (174.3 GeV)2
M2W
]
− 3
8pi cos2 θ
ln
MH
100 GeV
. (5)
The weak mixing angle θ, theW mass, and other electroweak observables now depend
on mt and MH .
The weak charge-changing and neutral-current interactions are probed under a
number of different conditions, corresponding to different values of momentum trans-
fer. In order to account for such effects we may replace the lowest-order relations
between GF , couplings, and masses by
GF√
2
=
g2
8M2W
(
1 +
αSW
4 sin2 θ
)
,
GFρ√
2
=
g2 + g′2
8M2Z
(
1 +
αSZ
4 sin2 θ cos2 θ
)
, (6)
where SW and SZ are coefficients representing variation with momentum transfer.
Together with T , they express a wide variety of electroweak observables in terms of
quantities sensitive to new physics. (The presence of such corrections was noted in
[36].) The variable U defined in [9] is equal to SW − SZ , while S ≡ SZ .
Expressing the new physics effects in terms of deviations from nominal values of
top quark and Higgs boson masses, we have the expression (5) for T , while contribu-
tions of Higgs bosons and of possible doublets of new degenerate fermions U and D
to SW and SZ , in a leading-logarithm approximation, are [38]
SW = SZ =
1
6pi
[
ln
MH
100 GeV/c2
+
∑
Nc
]
, (7)
where Nc is the number of colors of the new fermions, and the sum is taken over all
such doublets. (See [38] for the case mU 6= mD.)
A degenerate heavy fermion doublet with Nc colors thus contributes ∆SZ =
∆SW = Nc/6pi. For example, in a minimal dynamical symmetry-breaking (“tech-
nicolor”) scheme, with a single doublet of Nc = 4 fermions, one will have ∆S =
2/3pi ≃ 0.2. This will turn out to be marginally acceptable under the condition
that a small impurity of Higgs-triplet symmetry breaking is admitted, while many
non-minimal schemes, with larger numbers of doublets, will be ruled out.
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The prediction MZ = MW/ cos θ is specific to the assumption that only Higgs
doublets of SU(2)L exist. [SU(2)L singlets which are neutral also have Y = 0, and
do not affect W and Z masses.] For a complex Y = 2 triplet of the form
Φ ≡


Φ++
Φ+
Φ0

 , I3L =


+1
0
−1
, (8)
the contribution of 〈Φ0〉 = V1,−1/
√
2 to gauge boson masses (see, e.g., [39]) is
M2W =
g2
4
(v2 + 2V 21,−1) , M
2
Z =
(
g2 + g′2
4
)
(v2 + 4V 21,−1) , (9)
so the ratio ρ = (MW/MZ cos θ)
2 is no longer 1, but becomes
ρ =
v2 + 2V 21,−1
v2 + 4V 21,−1
. (10)
This type of Higgs boson thus leads to ρ < 1.
In the Y = 0 triplet
Φ ≡


Φ+
Φ0
Φ−

 , I3L =


+1
0
−1
, (11)
if 〈Φ0〉 = V1,0/
√
2, we find by a similar calculation that
M2W =
g2
4
(v2 + 4V 21,0) , M
2
Z =
(
g2 + g′2
4
)
v2 . (12)
Here we predict
ρ = 1 +
4V 21,0
v2
, (13)
so this type of Higgs boson leads to ρ > 1.
We now present a simplified analysis of present electroweak data in the S, T
framework which captures the essential elements. (See, e.g., [40] for a more complete
version.) We shall assume SW = SZ = S. The present analysis is an update of [21],
which may be consulted for further references. (See also [3].) We include atomic
parity violation in cesium and thallium (as in [21]), the observed values of MW as
measured at the Fermilab Tevatron and LEP-II, the leptonic width of the Z, the
value of sin2 θeff as measured in various asymmetry experiments at the Z pole in
e+e− collisions, and the recent measurement by the NuTeV Collaboration [41] of a
combination of neutrino and antineutrino neutral-current to charged-current cross
section ratios Rν and Rν¯ .
The inputs, their nominal values for mt = 174.3 GeV and MH = 100 GeV, and
their dependences on S and T are shown in Table I. The value of QW (Cs) in this
table has been distilled from those in Table II. On the basis of the comment in Ref.
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Table I: Electroweak observables described in fit.
Quantity Experimental Theoretical
value value
QW (Cs) −72.2± 0.8 a) −73.19 b) − 0.800S − 0.007T
QW (Tl) −115.0± 4.5 c) −116.8 d) − 1.17S − 0.06T
MW ( GeV/c
2) 80.451± 0.033 e) 80.385 f) − 0.29S + 0.45T
Γℓℓ(Z) (MeV) 83.991± 0.087 g) 84.011 f) − 0.18S + 0.78T
sin2 θeff 0.23152± 0.00017 g) 0.23140 f) + 0.00362− 0.00258T
“MW” (GeV/c
2) 80.136± 0.084 h) 80.385 f) − 0.27S + 0.56T
a) Weak charge in cesium [10, 11] incorporating recalculated atomic physics
corrections [30, 31, 32, 33].
b) Calculation [16] incorporating electroweak corrections, updated in [24].
c) Weak charge in thallium [14, 15] incorporating atomic physics corrections [23].
d) Calculation incorporating electroweak corrections [43] .
e) Ref. [44] f) Ref. [2]. g) Ref. [45].
h) Based on NuTeV measurement of ratios Rν and Rν¯ (see text) [41].
[33] that other determinations have ignored a strong-field correction, we have taken
as a central value that implied by Ref. [33]. The NuTeV data may be expressed as
an effective measurement of the W mass, with small corrections quoted in Ref. [41].
We use these corrections to arrive at the S and T dependences of “MW”. These
supersede those quoted in Ref. [21], which were incorrectly inferred from an earlier
NuTeV report [42].
We do not constrain the top quark mass; we shall display its effect on S and T
explicitly. Each observable specifies a pair of parallel lines in the S − T plane. The
leptonic width mainly constrains T ; sin2 θeff provides a good constraint on S with
some T -dependence; and direct measurements of MW or values of “MW” implied by
the NuTeV data lie in between. The atomic parity violation experiments constrain S
almost exclusively, but we shall see that they have little impact at their present level
of sensitivity. Since the slopes are very different, the resulting allowed region is an
ellipse, shown in Figure 1 (with the atomic parity violation data). The corresponding
figure with those data omitted is almost identical, but shifted in central values by
+0.01 unit in each of S and T . The fits with and without the atomic parity violation
data are compared in Table III.
Figure 1 also shows predictions [3] of the standard electroweak theory. Nearly
vertical lines correspond, from left to right, to Higgs boson masses MH = 100, 200,
300, 500, 1000 GeV; drooping curves correspond, from top to bottom, to +1σ, central,
and −1σ values of mt = 174± 5.1 GeV.
In the standard model, the combined constraints of electroweak observables such
as those in Table I and the top quark mass favor a very light Higgs boson, with
most analyses favoring a value of MH so low that the Higgs boson should already
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Table II: Values of QW (Cs) used to obtain the average in Table I.
Author(s) Reference QW (Cs)
Derevianko [30] −72.61± 0.28expt ± 0.73theor
Kozlov et al. [31] −72.5± 0.7
Dzuba et al. [32] −72.42± 0.28expt ± 0.74theor
Milstein and Sushkov [33] ≃ −72.2
Table III: Comparison of fits with and without atomic parity violation data.
S0 T0
APV data 0.01± 0.15 0.00± 0.15
No APV data 0.02± 0.15 0.01± 0.15
Figure 1: Regions of 68% (inner ellipse) and 90% (outer ellipse) confidence level values
of S and T based on the comparison of the theoretical and experimental electroweak
observables shown in Table I, including atomic parity violation data (first two lines).
Diagonal bands bounded by dashed lines correspond to ±1σ constraints associated
with direct MW measurements (upper left) and with NuTeV measurements [41] of
Rν and Rν¯ (lower right). Standard model predictions (solid nearly vertical lines and
drooping curves) are explained in text.
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have been discovered. The standard model prediction for S and T curves down quite
sharply in T as MH is increased, quickly departing from the region allowed by the
fit to electroweak data. (Useful analytic expressions for the contribution of a Higgs
boson to S and T are given by [4].) However, if a small amount of triplet symmetry
breaking is permitted, the agreement with the electroweak fit can be restored. As an
example, a value of V1,0/v slightly smaller than 3% permits satisfactory agreement
even for MH = 1 TeV, as shown by the vertical line in the Figure.
If electroweak-symmetry-breaking vacuum expectation values are not due to a
fundamental Higgs boson but rather to higher-dimension operators, one might well
expect both Higgs doublet and Higgs triplet contributions, with their ratio indicating
a geometric hierarchy of symmetry-breaking mass scales. (See [46, 47] for some early
examples of this behavior.) One might then expect Higgs singlets of various types to
have characteristic vacuum expectation values of V0 ≃ v2/V1,0 ≃ 246 GeV/0.03 ≃ 8
TeV. It is questionable whether the CERN Large Hadron Collider (LHC), with a total
pp center-of-mass energy of 14 TeV, could shed light on this mass scale.
What atomic-parity violation measurement would have a noticeable effect on the
fit shown in Figure 1? The present error of ±0.8 on QW (Cs) is equivalent to ∆S = ±1.
To match the error of ±0.15 on S from the fits, one would have to determine QW (Cs)
a factor of between 6 and 7 more precisely than at present. The most significant
(> 3σ) discrepancies in present electroweak fits are (a) the difference between values
of sin2 θeff measured using asymmetries of quarks and those using leptons [45], and
(b) the the difference between directly measured MW values and those inferred from
the neutral-current data of NuTeV [41]. Reduction of theoretical uncertainties asso-
ciated with atomic physics calculations will be needed before one can claim similar
discrepancies in atomic parity violation.
The need for determining S independently of T is highlighted by the Higgs-triplet
example we have quoted. If a small Higgs-triplet contribution is present, one should be
prepared to determine S to an accuracy of better than ±0.1 if one wishes to pinpoint
the Higgs boson mass via this indirect method. Of course, there is no substitute for
direct searches, which the Fermilab Tevatron and the CERN Large Hadron Collider
will provide in due course. It is also seen from Figure 1 that a minimal “technicolor”
contribution of ∆S = 0.2 cannot be excluded at the 90% confidence-level limit if one
is prepared to admit a Higgs-triplet contribution and a very heavy Higgs boson.
We thank Z. Luo for discussions regarding the S and T dependence of the NuTeV
measurement, K. S. McFarland, O. P. Sushkov, and G. P. Zeller for helpful comments,
and Michael Peskin for communicating the curves of Ref. [3] quoted in Fig. 1. This
work was supported in part by the United States Department of Energy under Grant
No. DE FG02 90ER40560.
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